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ABSTRACT 
Redox-active small molecules, used traditionally in redox flow batteries 
(RFBs), are susceptible to parasitic crossover of electroactive species through a 
porous separator, and require expensive ion exchange membranes (IEMs) to 
achieve long lifetimes. Redox-active polymer (RAP) solutions show great promise 
as candidate electrolytes to mitigate crossover through size-exclusion, enabling the 
use of relatively inexpensive porous separators in place of IEMs. This study 
holistically evaluates poly(vinylbenzyl ethyl viologen) RAPs as potential active 
species for RFBs, based on trends in electrolyte transport properties, 
electrochemical performance, and reactor cost. The ionic conductivity of these 
solutions is found to be of the same order of magnitude as typical Li-ion battery 
electrolytes, indicating that RAP macromolecular design does not limit the mobility 
of conducting ions in solution. The electrochemical performance of a RAP-based 
RFB is predicted by accounting for capacity losses due to electrolyte mixing, and 
polarization within its reactor. Techno-economic analysis evaluates the impact of 
electrolyte transport properties and operating conditions on RFB reactor cost. 
Minimum reactor cost lies between 11-17 $ kWh-1 across the entire range of active 
species concentrations studied, which is comparable to the estimated target mean 
RFB reactor cost of $13.8 kWh-1. The achievement of low cost reactors is enabled 
by the deviation in transport properties of RAP solutions from the prediction based 
on the Stokes-Einstein equation. The methodology used here could potentially 
serve as an approach for examining other candidate active species for RFBs. 
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CHAPTER 1: INTRODUCTION 
The advent of renewable energy sources which are intermittent in nature 
compels the need for reliable grid-scale energy storage solutions.1,2 Redox flow 
batteries (RFBs) utilize electroactive species dissolved in an electrolyte to store 
energy, instead of the solid-state intercalation compounds utilized in Li-ion 
batteries.3 The flowability of redox-active species enables the independent 
scalability of power and energy achievable with a tank/reactor device architecture. 
Non-aqueous redox flow batteries (NAqRFBs) offer a larger space of redox-active 
molecules and electrolytes to work with than aqueous redox flow batteries 
(AqRFBs) because of the narrow potential window for the stability of aqueous 
electrolytes. However, the lack of suitable membranes which permit fast ion 
transport, and concurrently minimize the parasitic crossover of redox active species 
between the catholyte (positive electrolyte) and anolyte (negative electrolyte) 
within a NAqRFB reactor, has slowed the development of NAqRFBs. The use of 
commonly available ion exchange membranes (IEMs) in NAqRFBs has been found 
to significantly decrease their power density,4 in addition to driving up total battery 
cost.5,6  
Electrolyte size-selectivity has been explored as an alternate approach to 
prevent active species crossover in RFBs.7–10 Viologen redox-active polymer 
(RAP) solutions have been studied as candidate electrolytes to decrease crossover 
through this methodology.7,11,12 They exhibit nearly ten-fold lower trans-separator 
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permeability than their monomer counterparts,7 suggesting that size-exclusion may 
be a viable means of reducing the crossover of electroactive species, and 
concomitant capacity/efficiency losses in RFBs. In such a RFB, relatively 
inexpensive porous separators can be used instead of expensive IEMs, indicating 
that this approach can, in principle, also decrease total RFB cost. More than 94% 
of the nominal charge on RAPs is accessible despite their macromolecular design.7 
Importantly, they exhibit similar electrochemical reversibility and redox potential 
as the originating monomer. These findings, coupled with their high solubility in 
non-aqueous solvents, indicate that RAPs can potentially be used as active species 
in NAqRFBs.  
However, previous studies have shown that the ionic conductivity of RFB 
electrolytes is a critical transport parameter which strongly impacts the battery’s 
electrochemical performance, and also affects the total RFB capital cost.13,14 It has 
been found that Li-ion battery electrolytes must have an ionic conductivity of at 
least 0.1 S m-1 at room temperature in order to build a viable consumer battery 
system.15 The ionic conductivity of such electrolytes has also been found to be 
strongly linked to electrolyte composition,16–18 indicating that it is necessary to 
measure the ionic conductivity of RAP-based electrolytes consisting of both active 
species and supporting salt at various concentrations, in order to understand the 
nature of ion transport within a RAP-based RFB. Additionally, previous work has 
also shown that concentrated polymer solutions can be highly viscous.19,20 It has 
been observed that RAPs exceeding a molecular weight of 21 kDa have produced 
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ten-fold higher viscosity than their monomer counterparts at the same 
concentration.7 Aqueous RAPs have also exhibited non-Newtonian rheology that is 
sensitive to the concentration of supporting salt.21,22 In addition to decreasing 
flowability, this effect could also reduce the mobility of the conductive ions in 
solution,23 thus affecting power capability. Electrolyte viscosity also affects the 
pumping energy required to operate a RFB. Various mathematical models have 
been developed to understand the influence of viscosity and other system 
parameters on the pumping pressure required to flow electrolytes through RFB 
reactors for different flow configurations.24–26 Many studies have also focused on 
quantifying the system-level electrochemical performance for polysulfide and 
vanadium RFBs. A previously developed RFB performance model is used here to 
calculate the discharge capacity utilization associated with a RFB subjected to 
galvanostatic cycling.27 The model accounts for capacity losses due to mixing 
between electrolyte stored in the RFB’s tanks and the electrolyte entering the tanks. 
Electrochemical performance is predicted over a range of active species 
concentrations and operating conditions for a RAP-based RFB. 
While RFBs show great potential as grid-scale energy storage solutions, their 
high cost presents a barrier for widespread implementation. Over the years, battery 
researchers have developed models of various complexities to quantify the cost 
contributions of the individual components of a RFB.13,14,28–31 In order to 
holistically evaluate RAPs as candidate active species for RFBs, it is important to 
gain an understanding of the economic feasibility of using RAPs in an actual RFB. 
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A techno-economic (TE) model has been previously developed to evaluate the 
capital cost associated with a RFB reactor,13 by assuming that reactor cost scales 
directly with the surface area of the reactor. That analysis is extended here to a 
RAP-based system, and important links are identified between electrolyte transport 
properties, operating conditions, and RFB reactor cost.   
In this study, the limits of RFB performance for RAP-based electrolytes are 
assessed by investigating their ionic conductivity and viscosity in the presence of 
supporting salt, as a function of solution composition. Since the permeability of 
RAPs to a porous separator has been found to decrease with increasing molecular 
weight,7 the 318 kDa RAP is chosen for this study, as it will provide the highest 
resistance to active species crossover in a RFB. A Walden plot32–34 is constructed 
using the experimentally determined ionic conductivity and viscosity values, and 
the observed correlation between ionic conductivity and viscosity is compared to 
the expected trend based on the Stokes-Einstein equation.35 A mathematical model 
is used to predict trends in electrochemical performance for a RAP-based RFB as 
solution composition and operating conditions are varied. The TE model is used to 
identify regimes of operation within such a RFB which optimize reactor cost and 
the associated pumping pressure. The analysis is repeated using theoretically 
expected ionic conductivity values based on the Stokes-Einstein equation to 
observe the influence of deviation from ideal electrolyte behavior on reactor cost. 
Since viologen can exist in multiple oxidation states,36 the effect of electrolyte state-
of-charge is also explored by investigating RAP-based electrolytes in their reduced 
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form. This work aims to understand the effect of electrolyte properties and 
operating conditions on reactor cost, and to identify the regimes of operation which 
enable the achievement of low-cost reactors for RAP-based RFBs. To the best of 
our knowledge, this is the first study which relates the transport properties of RAP-
based electrolytes to system-level performance and RFB reactor cost. 
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CHAPTER 2: REDOX-ACTIVE POLYMER FLOW 
BATTERIES 
2.1. Methodology 
2.1.1. Experimental evaluation of transport properties 
Poly(vinylbenzyl ethyl viologen) polymer with a molecular weight of 318 kDa 
was synthesized following a previously reported methodology.7 The synthesis 
involved an anion exchange step with ammonium hexafluorophosphate, which 
resulted in the presence of two 𝑃𝐹6
− anions in each polymeric repeat unit, since the 
viologen cation is divalent. The corresponding monomer benzyl ethyl viologen was 
also synthesized for comparison. Lithium tetrafluoroborate (Aldrich 99.99%) and 
anhydrous acetonitrile (Aldrich 99.8%) were used as received with no further 
purification. 
 The electrolytes considered in this study are composed of a redox-active species 
(viologen monomer or RAP), supporting salt (LiBF4), and solvent (acetonitrile). 
The active species concentration within the electrolyte is defined in terms of moles 
of monomer repeat unit per kg of solvent. To prevent any oxygen or water 
contamination, the solutions were prepared inside an Argon atmosphere glove box 
(MBraun Stratham, NH). For ionic conductivity measurements, a Swagelok 
conductivity cell (part number T-810-6) was used. The conductivity cell was filled 
with 0.7 mL of sample inside the glove box, and then it was sealed shut. Two 
stainless steel current collectors were attached to the ends of the cell, and a two-
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electrode configuration was used to measure the resistance of the solution within 
the cell. Such a setup has been employed previously in literature to measure ionic 
conductivity.37,38 A CHI 760E potentiostat was used to perform potentiostatic 
electrochemical impedance spectroscopy (PEIS) with an amplitude of 10 mV about 
the cell open circuit potential (OCP), over a frequency range of 1 MHz to 1 Hz. 
Solution resistance was determined from the high frequency real-axis intercept of 
the corresponding Nyquist plot.39,40 The experimental setup was calibrated by using 
aqueous conductivity standards to build a four-point calibration curve which plots 
ionic conductivity as a function of solution resistance. The details of these 
conductivity standards and their corresponding ionic conductivities are given in 
Table 1. For each test sample, solution resistance was measured using PEIS, and 
ionic conductivity was obtained from the calibration curve. Each measurement was 
repeated three times using a fresh electrolyte sample. The average ionic 
conductivity over those three trials was calculated for each solution. 
The dynamic viscosity of RAP-based electrolytes was measured using a 
microliter-sample-volume m-VROC viscometer (RheoSense, Inc.). Within the 
device, sensors measure pressure as a function of position along a rectangular slit 
microfluidic channel, and a syringe pump sets the flow rate. Equations 1 and 2 were 
used to calculate the shear stress 𝜏 and shear rate ?̇?, using the flow rate 𝑄 and the 
measured pressure drop Δ𝑃.  
 τ = −
Δ𝑃
𝐿𝑐ℎ
(
𝑏ℎ
2𝑏 + 2ℎ
) (1) 
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 ?̇? =
?̇?𝑎𝑝𝑝
3
[2 +
𝑑 𝑙𝑛(?̇?𝑎𝑝𝑝)
𝑑 𝑙𝑛(𝜏)
] (2) 
𝑏 is the width of the channel (2 mm), ℎ is the height of the channel (51.1 μm), and 
𝐿𝑐ℎ is the channel length over which Δ𝑃 is measured (1.5 cm). ?̇?𝑎𝑝𝑝 is the apparent 
shear rate, given by ?̇?𝑎𝑝𝑝 = 6𝑄/𝑏ℎ
2. The dynamic viscosity was calculated from 
the definition 𝜂 = 𝜏/?̇?. Experimental bounds were obtained based on the minimum 
and maximum values of the measurable pressure drop per unit length, and are 
shown on the plot of viscosity vs. shear rate. The regions above and to the right of 
the Δ𝑃max line, and below and to the left of the Δ𝑃min line are unattainable with the 
channel geometry used. For each sample, viscosity was measured at multiple shear 
rates to check for non-Newtonian behavior. 
The state-of-charge (SOC) of the electrolyte active species in solution is an 
important factor which can significantly influence RFB operation. Previous studies 
have shown a strong link between SOC and RFB electrolyte transport 
properties.41,42 Viologens typically exist in three oxidation states, namely Vio2+, 
Vio1+, and Vio0. Reduction from Vio2+ to Vio1+ is highly reversible,36 and is 
expected to occur when a RAP-based RFB is operated. Zn dust has been found to 
facilitate the 2+/1+ reduction in viologen compounds without causing irreversible 
reduction to neutral state.11,43 In this study, Zn dust was used to chemically reduce 
monomer and RAP solutions in acetonitrile, and illustrate the effect of state-of-
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charge on ionic conductivity and viscosity. The Vio2+ solution was prepared in a 
vial inside the glove box, and then stirred using a magnetic stirrer at 250 RPM. 
Chemical reduction was carried out by adding excess Zn dust (5 × stoichiometric 
amount) to the vial while stirring. This ensured that the reduction occured uniformly 
inside the vial, and all of the Vio2+ ions were reduced to Vio1+. The reduced solution 
was extracted from the vial, following which ionic conductivity and viscosity 
measurements were carried out using the previously described procedure. Even 
though the reduced solution contains Zn2+ ions which would otherwise be absent 
when these electrolytes are used in an actual RAP-based RFB, this approach 
provides a qualitative understanding of the behavior of these electrolytes as a 
function of SOC. 
 
2.1.2. System-level modelling and techno-economic analysis 
 Researchers have identified cost reduction pathways for both aqueous and 
non-aqueous RFBs to achieve the Department of Energy’s long term battery price 
target of $100 kWh-1.13,14 While RAPs are expected to have high electrolyte cost 
associated with them due to their high molecular weight,14 it is possible to offset 
those costs by optimizing the cost of the RFB reactor. Therefore, in this analysis, 
the focus is on understanding the reactor cost associated with a RAP-based RFB, 
which is one of the key components of total RFB cost. Based on a previously 
developed techno-economic model,13 the expression for RFB reactor cost is given 
by:  
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 𝐶𝑅𝑒𝑎𝑐𝑡𝑜𝑟 =
𝑐𝑎
𝜀𝑠𝑦𝑠,𝑑𝑈𝜀𝑣,𝑑𝑖𝑑𝑡𝑑
 (3) 
Here, 𝑐𝑎 is the areal cost factor for the reactor (in $ m
-2) which accounts for costs 
associated with bi-polar plates, membranes, and seals. 𝜀𝑣,𝑑 is the discharge voltage 
efficiency, and 𝜀𝑠𝑦𝑠,𝑑 is the system discharge efficiency, which accounts for losses 
associated with electrolyte pumps and power conversion equipment.  The applied 
current density is given by 𝑖𝑑, and 𝑡𝑑 is the discharge time. The total reactor cost in 
$ is calculated by multiplying 𝑐𝑎 with the reactor area, which is given by the ratio 
of the output power and the reactor power density during discharge. Equation 3 is 
obtained by normalizing the total cost by the energy output 𝐸𝑑. 
In order to apply this analysis to a RAP-based RFB, it is important to understand 
the coupling between key material properties of RAPs such as ionic conductivity, 
viscosity, and system-level performance parameters such as discharge capacity 
utilization and voltage efficiency subject to the operating conditions of the RFB 
(flow rate, input current density, etc.). A RFB electrochemical performance model 
has been previously developed to calculate the capacity and average polarization 
associated with a RFB subjected to galvanostatic cycling, by accounting for losses 
due to mixing between electrolyte stored in the RFB’s tanks and the electrolyte 
entering the tanks.27 This is achieved by applying species conservation to control 
volumes around the tank and the reactor, and tracking variations in active species 
concentration by solving the set of ordinary differential equations obtained. From 
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this analysis, discharge capacity utilization has been found to only depend on (1) 
tank-to-electrode volume ratio (𝛼 = 𝑉𝑡𝑎𝑛𝑘/𝑉𝑒𝑙𝑒𝑐), and (2) non-dimensional flow 
rate (𝛽 = ?̇?/?̇?𝑠𝑡𝑜𝑖𝑐ℎ). The stoichiometric flow rate (?̇?𝑠𝑡𝑜𝑖𝑐ℎ) is defined as the flow 
rate at which the redox-active species entering the RFB reactor are entirely 
consumed. 
For this study, a RFB reactor employing RAPs of equivalent molarity of charge 
storage 𝑐0 is considered. To focus attention on a single electrolyte compound, the 
viologen RAP is considered to be paired with a hypothetical electrolyte in the RFB 
that has the same electrochemical and transport properties as the RAPs, but has an 
equilibrium potential such that 𝑈 = 3 V, which is the target cell voltage for 
NAqRFBs based on cost targets.13 The kinetic rate constant for viologen RAPs is 
obtained from a previous study.12 RFB electrochemical performance is predicted 
across a wide range of input current densities for each of the active species 
concentrations which have been considered in this study. The experimentally 
determined ionic conductivity and viscosity values serve as key input parameters 
for the model, as they significantly influence electrochemical parameters as well as 
the velocity field within the porous electrode. The TE model is used to evaluate the 
reactor cost corresponding to each of these cases. It has been found that for β=20, 
a discharge capacity utilization of at least 90% is achieved for all actives species 
concentrations and tank sizes.27 This is the value which has been selected for all the 
cases being considered, and the corresponding flow rates have been calculated 
accordingly. The tank-to-electrode volume ratio at a particular input current density 
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(𝑖𝑑) is chosen so as to enable a theoretical discharge time 𝑡𝑑
∗  = 5 hours. The 
expression for 𝛼 is given by:  
 𝛼 =
𝑖𝑑𝑡𝑑
∗
𝜒𝑑
∗𝑐0𝐹𝑤𝜀
− 1 (4) 
𝐹, 𝑤, and 𝜀 are the Faraday’s constant, the thickness of an individual electrode 
employed in the reactor, and the porosity of the reactor compartment, respectively. 
For the calculation of α, an expected utilization of 90% (𝜒𝑑
∗ = 0.9) is assumed 
based on a flow rate of 20 times the stoichiometric flow rate. The RFB performance 
model is then used to calculate the actual discharge utilization, 𝜒𝑑 for each case, 
which is subsequently used to evaluate the actual discharge time, given by 𝑡𝑑 =
𝜒𝑑 × (𝑡𝑑
∗/𝜒𝑑
∗). This serves as an input parameter for the calculation of reactor cost. 
The values of key parameters used in this analysis are given in Table 2. 
 
2.2. Results and Discussion 
2.2.1. Transport properties of RAP-based electrolytes 
Ionic conductivity is a key transport property which characterizes battery 
electrolytes. As mentioned previously, the ionic conductivity of Li-ion battery 
electrolytes has been found to be strongly linked to electrolyte composition.16–18 To 
investigate the influence of supporting salt concentration on the ionic conductivity 
of RAP-based electrolytes, solutions with fixed active species concentration (0.64 
mol kg-1), and LiBF4 concentration varying from 0.13 mol kg
-1 to 1.27 mol kg-1 
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were prepared. This roughly corresponds to a concentration range of 0.1 M to 1 M, 
neglecting the partial molar volume of dissolved species (RAP and LiBF4). For 
each salt concentration, distinct solutions containing the viologen monomer and the 
318 kDa RAP were prepared for comparison of ionic conductivity. Figure 1(a) 
shows electrolyte ionic conductivity as a function of LiBF4 concentration. The plot 
also includes measured conductivity data for bare LiBF4 in acetonitrile without any 
active species. Those data points serve as a baseline for this study, and show good 
agreement with values previously reported in literature.44 Both sets of solutions 
containing redox-active species exhibit higher ionic conductivity than bare LiBF4 
solutions at all concentrations investigated. This suggests that the increased 
concentration of conductive species has a more substantial effect on conductivity 
than any reduction in mobility due to increased solution viscosity. As expected, 
RAP solutions exhibit a lower ionic conductivity than monomer solutions due to a 
reduction in mobility because of their large size. They also show ionic conductivity 
that is relatively insensitive to LiBF4 concentration, which suggests that excess of 
supporting salt would not be required for a RAP-based electrolyte to be used in a 
RFB. Importantly, the ionic conductivity of RAP-based electrolytes is of the same 
order of magnitude as typical Li-ion battery electrolytes,18,45 indicating that this 
macromolecular electrolyte architecture can be used in a cell without compromising 
the mobility of conducting ions in solution.  
  In order to study the influence of redox-active species concentration on ionic 
conductivity, solutions with fixed supporting salt concentration and varying active 
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species concentration were prepared. Since it is more favorable to study electrolytes 
with high ionic conductivity, LiBF4 concentration was chosen to be 0.32 mol kg
-1, 
which is the concentration beyond which the variation in ionic conductivity is 
within the standard deviation of measurement for solutions containing RAPs. 
Selecting a higher LiBF4 concentration would have increased solution viscosity
44 
without an appreciable increase in ionic conductivity, which is undesirable for RFB 
electrolytes. Once again, two distinct sets of solutions containing the monomer and 
the RAP were prepared. It can be seen from Figure 1(b) that as active species 
concentration increases from 0 to 0.64 mol kg-1, there is a significant increase in 
ionic conductivity for both sets of solutions. This can be attributed to an increase in 
the number of mobile charge carriers in solution. However, beyond 0.64 mol kg-1, 
a decrease in ionic conductivity is observed for the solutions containing RAPs. This 
is indicative of the fact that at concentrations higher than 0.64 mol kg-1, the increase 
in electrolyte viscosity could be causing a reduction in mobility of the charge 
carriers in solution. Therefore, complementary measurements of dynamic viscosity 
were performed to investigate the relationship between the ionic conductivity and 
viscosity of RAP-based electrolytes.   
As mentioned previously, the effect of state-of-charge was characterized by 
using Zn dust to chemically reduce Vio2+ RAP solutions in acetonitrile. Table 3 
compares the ionic conductivity of reduced (Vio1+) monomer and RAP solutions in 
acetonitrile without any supporting salt (LiBF4). Data for the corresponding Vio
2+ 
solutions is also shown for comparison. The active species concentration is 0.13 
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mol kg-1 for both sets of solutions. The ionic conductivity of the reduced Vio1+ 
solutions is found to be higher than that of the corresponding Vio2+ solutions. This 
could be because of an increase in mobility caused by the pairing of Zn2+ ions and 
𝑃𝐹6
− ions in solution. Interestingly, the monomer solution only exhibits a 5% 
increase in conductivity, whereas the RAP solution shows an increase of more than 
200%. For a particular active species concentration, the ionic conductivity of RAP 
solutions is more sensitive to state-of-charge than monomer solutions. Table 4 
shows the ionic conductivity values for both Vio2+ and Vio1+ solutions 
corresponding to a 0.32 mol kg-1 RAP solution in acetonitrile with 0.32 mol kg-1 
LiBF4. Ionic conductivity increases by 20% upon reduction of Vio
2+ to Vio1+ for 
this particular electrolyte composition, indicating that the mobility of the 
conductive ions in electrolytes for RAP-based RFBs will not decrease when the 
RFB is cycled.  
 Figure 2(a) shows measurements of dynamic viscosity as a function of 
applied shear rate for Vio2+ RAP-based electrolytes with fixed LiBF4 concentration 
(0.32 mol kg-1) and varying active species concentration. These measurements were 
carried out at 25 ºC. The electrolytes largely exhibit Newtonian rheology, with a 
mild shear thinning effect observed at higher shear rates. This suggests that the 
intrinsic flowability of these solutions through a RFB will not be affected by their 
flow rate, which is a significant result for cell operation. The dynamic viscosity 
increases by 350 times as active species concentration is increased from 0.01 mol 
kg-1 to 1.27 mol kg-1, indicating that the flowability of these electrolytes is strongly 
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dependent on the amount of active species present in them. Viologen-based 
polymer electrolytes in aqueous solution have previously been found to exhibit 
Newtonian rheology over a wide range of shear rates.22  
Complementary viscosity measurements were also carried out for the reduced 
Vio1+ RAP-based electrolytes with fixed LiBF4 concentration (0.32 mol kg
-1) and 
varying active species concentration. Since the Vio1+ solutions oxidize back to 
Vio2+ upon exposure to room atmosphere, the measurements were performed inside 
an Argon atmosphere glove box. The temperature inside the glove box was found 
to be close to 30 ºC. Figure 2(b) shows the variation in viscosity with applied shear 
rate for each of these solutions. For active species concentration ranging from 0 to 
0.32 mol kg-1, the reduced Vio1+ solutions also show Newtonian behavior with mild 
shear thinning, similar to the Vio2+ solutions. Without correcting for the disparity 
in ambient temperature for these measurements, the difference in average viscosity 
between the Vio2+ and Vio1+ solutions is found to be less than 20% at each active 
species concentration considered in this range. This indicates that at low active 
species concentration, the variation in SOC during the cycling of a RAP-based RFB 
will not significantly influence the pumping pressure required for continuous 
operation of the RFB. However, at an active species concentration higher than 0.32 
mol kg-1, the reduced solution was transformed into a highly viscous gel, 
completely altering its morphology. At the highest active species concentration of 
1.27 mol kg-1 considered in this work, the electrolyte became a solid material upon 
reduction. In previous studies, polymer gel electrolytes, which are liquid 
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electrolytes engaged in a polymer matrix, have been found to exhibit similar 
behavior.46–48 Polymer electrolytes composed of poly(methylmethacrylate) 
(PMMA), developed for Li-ion batteries, have shown a significant increase in 
viscosity with increasing PMMA concentration, with the formation of a rubber-like 
material at higher concentrations.49 The emergence of such effects in RAP-based 
electrolytes in the reduced state indicate that their use in RFBs may be limited at 
high active species concentration. The gelation of these electrolytes during cycling 
within a RAP-based RFB could lead to deposit formation within the RFB’s flow 
channels, and interfere with its operation.   
Due to the difference in conditions inside and outside the glove box, the 
viscosity measurements of the Vio1+ solutions were carried out at a higher 
temperature than those corresponding to Vio2+ solutions. Since the viscosity of a 
liquid solution is known to decrease with increasing temperature,50 the temperature 
dependence on viscosity was studied for the Vio2+ solutions. Figure 3 shows the 
variation in viscosity over a temperature range of 20 ºC to 50 ºC for Vio2+ solutions 
at various active species concentrations. These measurements were performed at a 
shear rate value between 5000 s-1 and 7000 s-1, depending on the estimated viscosity 
of the sample. The data is fitted to the Arrhenius model, which is given by: 
 𝜂 = 𝜂0e
𝐸𝑎
𝑅𝑇 (5) 
𝜂 is the dynamic viscosity of the solution at temperature 𝑇. 𝜂0 and 𝐸𝑎 represent the 
viscosity coefficient and activation energy, respectively. The values of the fitting 
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parameters for each active species concentration are given in Table 5. When the 
temperature is changed from 25 ºC to 30 ºC, viscosity varies by less than 10%. 
Therefore, the previously described comparison between the viscosities of Vio2+ 
and Vio1+ solutions is valid.  
Several mathematical models have been developed to establish the relation 
between viscosity and concentration for dilute polymer solutions.51,52 However, a 
rigorous understanding of the rheological behavior of concentrated polymer 
solutions is complicated by the emergence of viscoelastic effects in such 
solutions.20,53 Various theoretical models have been proposed to explain the 
relationship between viscosity and concentration outside the dilute regime for 
polymer solutions.54–56 However, the utilization of such models is limited by their 
inability to cover the entire concentration range. Empirical relations are more 
commonly used to describe the dependence of viscosity on concentration for 
polymer solutions, and have been developed for the dilute, semi-dilute, and highly 
concentrated regimes.51,53 The sharp increase in viscosity with concentration shown 
by both Vio2+ and Vio1+ RAP solutions is consistent with the expected trend based 
on these empirical models, and with experimental data obtained for various 
polymer solutions.57–60 An empirical model61 is utilized here for analyzing the 
variation in viscosity with active species concentration. The model predicts an 
exponential increase in dynamic viscosity with polymer concentration. After 
performing a Taylor series expansion, and truncating at the 3rd order term, the 
expression used to fit the experimental data is given by: 
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𝜂
𝜂𝑆
= 1 + [𝜂]𝑐 + 𝑘𝐻([𝜂]𝑐)
2 +
1
2
𝑘𝐻
2 ([𝜂]𝑐)3 + 𝑂(𝑐4) (6) 
𝜂𝑆 is the viscosity of the electrolyte without any RAP (0.32 mol kg
-1 LiBF4 in 
acetonitrile), and 𝑐 is the polymer concentration. [𝜂] and 𝑘𝐻 are the intrinsic 
viscosity and Huggins coefficient, respectively, which are important parameters in 
this model. 
The data and the curve fit corresponding to the Vio2+ solutions are shown in 
Figure 2(c), along with the fitting parameters obtained. The values of the fitting 
parameters can be used to understand the conformation of RAPs in solution and 
draw inferences about the nature of interaction between the RAPs and the solvent 
(acetonitrile). The critical overlap concentration, 𝑐∗ represents the concentration at 
which the polymer molecules in solution start to interact with each other. It has 
been previously shown that 𝑐∗ ~ 1/[𝜂].62 For the Vio2+ RAP solutions, 1/[𝜂] =
 0.07 mol kg-1, implying that at concentrations higher than 0.07 mol kg-1, the 
individual RAP molecules start interacting with each other. This effect causes the 
rheological behavior of these polymer solutions to be different than the expected 
behavior for solutions containing small molecules, and contributes to the significant 
increase in viscosity with active species concentration. The Huggins coefficient, 𝑘𝐻 
quantifies the interaction of polymer molecules with the solvent.53 A high value of 
𝑘𝐻 would imply that the polymer molecule is tightly coiled in solution. The 
relatively low value of 𝑘𝐻 obtained here suggests that Vio
2+ RAP molecules have 
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a high solvation radius, thus indicating that acetonitrile is a strong solvent for RAP-
based electrolytes.  
Based on Equation 6, the reduced viscosity,63,64 defined as 𝜂𝑟𝑒𝑑 = (𝜂/𝜂𝑆 −
1)/𝑐, increases with concentration for polymer solutions. It should be noted that 
reduced viscosity does not carry the same meaning as the viscosity of a reduced 
Vio1+ solution. Vio2+ RAP solutions show a monotonic increase in 𝜂𝑟𝑒𝑑 with active 
species concentration, as shown in Figure 4(a). However, in Vio1+ solutions, as 
concentration is decreased below 0.13 mol kg-1, 𝜂𝑟𝑒𝑑 increases, as seen in Figure 
4(b). Such behavior has been previously observed for polymer solutions, and is 
attributed to an increase in coulombic repulsion forces within the polymer chain at 
low concentration, thus leading to an expansion of the polymer coil.65 These 
coulombic interactions are typically screened when enough supporting salt is added 
to solution. The results obtained here suggest that a higher LiBF4 concentration is 
needed to counter these forces, and decrease 𝜂𝑟𝑒𝑑 at low concentrations for Vio
1+ 
solutions. Due to this behavior, it is not possible to calculate the intrinsic viscosity 
of these solutions. 
The results obtained so far have indicated that the dynamic viscosity of RAP-
based electrolytes is much more sensitive to active species concentration than ionic 
conductivity. Such a trend has previously been observed in Li-ion battery 
electrolytes containing polymer molecules.16 The Walden rule,66 given by equation 
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7, is commonly used to illustrate the relationship between the ionic conductivity 
and viscosity of electrolytes and ionic liquids.33,67,68  
 Λ𝜂 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (7) 
Λ is the molar conductivity of the electrolyte, and 𝜂 is its viscosity. The Walden 
rule offers a qualitative method to correlate these transport parameters. In this work, 
the Stokes-Einstein equation is used to develop a more quantitative understanding 
of the relationship between ionic conductivity and viscosity of RAP-based 
electrolytes. Based on this equation, the diffusivity of a conducting ion in solution 
is related to the solution viscosity (𝜂) as 𝐷𝑖 = 𝑘𝐵𝑇/(6𝜋𝜂𝑟𝑖), where 𝑟𝑖 is the 
solvation radius of the ion. The Nernst-Einstein equation is then used to obtain the 
molar conductivity of the charge carrying ion (Λ𝑖), as shown in equation 8. It 
predicts that molar conductivity is inversely proportional to the dynamic viscosity 
of the electrolyte, which is consistent with the Walden rule. Similar approaches 
have been used in previous studies.32,69,70  
 Λ𝑖 =
𝑁𝐴𝑞𝑖
2𝐷𝑖
𝑘𝐵𝑇
 (8) 
 In this study, the Stokes-Einstein equation is used to calculate the expected 
ionic conductivity of Vio2+ RAP-based electrolytes for a given active species 
concentration by using the experimentally determined values of viscosity, and by 
accounting for the contributions of the various charge carrying ions in solution. 
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RAPs have been found to have a significantly lower diffusion coefficient than their 
monomer counterpart,7 indicating that they are less mobile than other smaller ions 
in solution. Therefore, 𝐿𝑖+, 𝐵𝐹4
−, and 𝑃𝐹6
− are taken to be the major charge carriers 
in the RAP-based electrolytes being considered. The values of their ionic radii have 
obtained from previous studies.71–73 Figure 5 compares the actual variation in 
normalized ionic conductivity as a function of viscosity for RAP solutions with the 
theoretical expectation based on the Stokes-Einstein equation. The normalized 
ionic conductivity is calculated by dividing the ionic conductivity (𝜅) of a solution 
by its ionic strength (𝐼), which is given by:   
 𝐼 =
1
2
∑𝑐𝑖𝑧𝑖
2 (9) 
Here, 𝑐𝑖 is the molar concentration of an ion in solution, and 𝑧𝑖 is its oxidation state. 
Based on the Stokes-Einstein equation, variations in ionic conductivity and 
viscosity should be of equal orders of magnitude. However, as the viscosity 
increases by 2 orders of magnitude, the variation in ionic conductivity is less than 
1 order of magnitude. This indicates that ion transport in RAP-based electrolytes is 
less affected by an increase in solution viscosity than ideal electrolytes composed 
of small molecules. In terms of RFB design and operation, the pumping energy 
required to transport RAP-based electrolytes through a RFB is a stronger function 
of the amount of active species present in them than the electrochemical 
performance of the RFB. 
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2.2.2. Effect of transport properties and operating conditions on 
electrochemical performance and reactor cost 
As described in Section 2.1.2, the electrochemical performance of a RAP-based 
RFB is predicted by accounting for losses due to electrolyte mixing inside the tanks 
and polarization within the reactor.27 The experimentally evaluated ionic 
conductivity and viscosity values, along with the kinetic rate constants determined 
in a previous study12 serve as key input parameters. The analysis is performed for 
RAP-based electrolytes with active species concentration varying from 0.13 mol 
kg-1 to 1.27 mol kg-1. The input current density is varied in order to understand the 
influence of the operating conditions of galvanostatic cycling on RFB performance. 
For each case, the flow rate is set to 20 times the stoichiometric flow rate (?̇?𝑠𝑡𝑜𝑖𝑐ℎ), 
which is obtained by applying charge conservation on a control volume around the 
RFB reactor. The expression for the stoichiometric flow rate is given by: 
 ?̇?𝑠𝑡𝑜𝑖𝑐ℎ =
𝑖𝑑𝐴
𝑐0𝐹
 (10) 
Here, 𝐴 is the area of the current collector. As the input current density, 𝑖𝑑 increases, 
?̇?𝑠𝑡𝑜𝑖𝑐ℎ also increases. Also, for a particular input current density, ?̇?𝑠𝑡𝑜𝑖𝑐ℎ decreases 
as the active species concentration, 𝑐0 increases. Therefore, for each case 
considered in this study, the operating flow rate (20 × ?̇?𝑠𝑡𝑜𝑖𝑐ℎ) is a function of both 
input current density and electrolyte composition.  
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 In order to estimate the area-specific resistance (ASR) associated with the 
RFB reactor, electrochemical reactions are assumed to propagate through the 
reactor’s thickness via a planar front. The net cell area-specific resistance (𝑅𝑎𝑠𝑟) is 
calculated by including contributions from the cathode (subscript c), anode 
(subscript a), and separator (subscript s), as shown in equation 11. Similar models 
have been used previously for RFBs.74–76 𝜅𝑒𝑓𝑓,𝑐 and 𝜅𝑒𝑓𝑓,𝑎 represent the effective 
ionic conductivities within the cathode and anode of the RFB, which are equal as 
the electrolytes have identical transport properties. 𝜅𝑒𝑓𝑓,𝑠 is the effective ionic 
conductivity of the separator, assumed to be a Celgard 2400, and is calculated by 
using a previously developed methodology.77 𝑤𝑠 is the separator thickness. 
 𝑅𝑎𝑠𝑟 = [
𝑤
2𝜅𝑒𝑓𝑓,𝑐
+
𝑤𝑠
𝜅𝑒𝑓𝑓,𝑠
+
𝑤
2𝜅𝑒𝑓𝑓,𝑎
] (11) 
 Figure 6(a) shows the variation in discharge capacity utilization predicted 
by the model, as a function of input current density for different active species 
concentrations. For lower current densities, the primary mechanism for capacity 
loss is tank mixing, and polarization effects are negligible, leading to a utilization 
of almost 90% for all active species concentrations. As current density increases, 
the associated polarization also increases, leading to a significant decrease in 
utilization. The 0.64 mol kg-1 electrolyte has the highest ionic conductivity among 
all the electrolytes studied, enabling it to maintain high utilization for a larger range 
of input current density. This is due to the fact that the corresponding cell ASR 
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predicted by the propagating reaction front model is lowest for the 0.64 mol kg-1 
electrolyte.  
RFB reactor cost is calculated by using the TE model described in section 2.1.2. 
It can be seen from Figure 6(b) that at low current densities, reactor cost is 
extremely high due to the requirement of a large electrode area for achieving a 
given energy output. It is also not significantly influenced by active species 
concentration in that regime. As the applied current density increases, reactor cost 
decreases initially. A further increase in current density eventually causes the 
reactor cost to increase due to the extremely low discharge capacity utilization 
achieved at high current densities. At high current densities, the reactor cost is 
higher for electrolytes with lower ionic conductivity. 
The results shown so far indicate that electrochemical performance and reactor 
cost are relatively insensitive to active species concentration. However, the 
pumping pressure required to flow electrolytes through RFB reactors is strongly 
linked to solution viscosity, which varies significantly with active species 
concentration. The addition of flow fields to RFBs has been shown to reduce 
pumping pressure, while maintaining high performance.78 An interdigitated flow 
field (IDFF)24,79 offers a great balance between electrochemical performance and 
the pumping pressure required to flow electrolytes through a RFB reactor.80 In this 
configuration, electrolyte convection through the reactor is promoted by alternately 
blocking inlet and exit channels. A numerical model based on the finite-volume 
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method has been previously developed to calculate the pressure drop across the 
porous electrode for a RFB in an IDFF configuration.27 The mass conservation 
equation and Darcy’s law81 are used to evaluate pressure drop, based on the 
electrolyte viscosity, volumetric flow rate, and the permeability of the carbon felt. 
The pressure gradient along the length of the flow channel is assumed to be 
negligible, implying that the major contribution to pumping pressure is from the 
gradient across the porous electrode. The model is applied to the RAP-based RFB 
considered in this study, and pressure drop is evaluated across a range of operating 
conditions and active species concentrations. The experimentally evaluated 
dynamic viscosity of RAP-based electrolytes serves as a key input parameter to this 
model. Figure 6(c) depicts the variation in pressure drop as a function of input 
current density for multiple active species concentrations. At a fixed current 
density, the pressure drop increases with increasing active species concentration 
due to the rise in viscosity. In fact, for a given current density, the pressure drop 
increases by 10 times when the concentration is increased from 0.13 mol kg-1 to 
1.27 mol kg-1, showing that the amount of redox-active species in solution strongly 
affects the energy input required to operate the RFB.  
These results indicate that both pressure drop and reactor cost are important 
considerations when it comes to determining the optimum operating conditions for 
a RAP-based RFB. Figure 7(a) plots pressure drop on the X-axis, and reactor cost 
on the Y-axis for each test case. For a given RFB reactor cost, the pressure drop is 
higher for more concentrated electrolytes. This signifies a tradeoff between 
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pressure drop and energy density in a RAP-based RFB. Less concentrated 
electrolytes require a lower amount of energy input to flow because of low pressure 
drop, but they also have a lower energy density than more concentrated electrolytes.  
As illustrated in section 2.2.1, the experimentally obtained values of ionic 
conductivity for RAP-based electrolytes differ significantly from estimates based 
on the Stokes-Einstein equation. In order to understand the influence of this 
deviation on RFB reactor cost, the techno-economic analysis is repeated with new 
ionic conductivity values obtained from the Stokes-Einstein equation. Figure 7(b) 
shows the variation in reactor cost with pressure drop obtained from this analysis. 
For a particular active species concentration, the trend in reactor cost variation with 
respect to pressure drop is the same as that in Figure 7(a). However, since the ionic 
conductivity predicted by the Stokes-Einstein equation decreases as active species 
concentration increases, the calculated reactor cost is significantly higher for the 
more concentrated electrolytes.   
The region near the minima in plots of reactor cost vs pressure drop for a 
particular electrolyte represents the optimum operating conditions for a RAP-based 
RFB in terms of economic feasibility. Figure 8 shows the minimum reactor cost 
and the corresponding pressure drop as a function of active species concentration. 
The minimum reactor cost is found to lie between 11-17 $ kWh-1 across the entire 
range of active species concentrations studied, which is very close to the estimated 
target mean reactor cost of $13.8 kWh-1 for RFBs.82 If the RAP-based electrolytes 
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had exhibited the trend in transport properties predicted by the Stokes-Einstein 
equation, the corresponding RFB reactor costs would have been extremely high, 
especially for the more concentrated electrolytes which have a higher energy 
storage capacity. The deviation of these polymer electrolytes from this ideal 
behavior enables the development of low cost reactors even for a high active species 
concentration, without requiring extremely high pumping pressures. In fact, the 
pumping pressure associated with the minimum reactor cost condition is less than 
10 kPa for all active species concentrations, which is lower than the typical range 
of 50-100 kPa for RFBs with an interdigitated flow field.24,83,84 It is also noteworthy 
that while this analysis focuses on reactor cost, RFB system price also includes 
contributions from the electrolyte, as well as additional and balance-of-plant 
costs.13,14 
In order to illustrate the effect of SOC on RFB reactor cost, the experimental 
data corresponding to a chemically reduced 0.32 mol kg-1 RAP solution in 
acetonitrile with 0.32 mol kg-1 LiBF4 is utilized. RFB reactor cost is evaluated over 
a range of operating conditions for 𝛽 = 20. Table 4 shows the minimum reactor 
cost and the corresponding pressure drop for both the Vio2+ and Vio1+ solutions. 
The pressure drop for the reduced Vio1+ solution is 23% higher than that of the 
Vio2+ solution, which is due to the increase in dynamic viscosity. However, it is 
worth noting that the Vio1+ solutions considered in this study have been reduced 
chemically, and have Zn2+ ions present in them which could be contributing to the 
increase in their dynamic viscosity. These ions will be absent when RAP-based 
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electrolytes are electrochemically reduced during RFB cycling, suggesting that the 
actual increase in pumping pressure could be even lower. The discussion of 
electrolyte behavior as a function of SOC in this study is aimed at highlighting its 
impact on electrolyte transport properties, and attempts to quantify its effect on 
system-level performance and reactor cost. Interestingly, the value of the minimum 
reactor cost itself (shown in Table 4) is not significantly different for the Vio1+ 
solution compared to the Vio2+ solution. In fact, the minimum reactor cost 
decreases slightly upon reduction. This shows that the reversible reduction of the 
viologen radical does not hinder the development of low-cost RFB reactors by 
using RAP-based electrolytes. 
 
2.3. Conclusions 
We have predicted that the reactor cost associated with RAP-based RFBs can 
be optimized by appropriate selection of electrolyte composition and operating 
conditions. The ionic conductivity and viscosity of 318 kDa RAP-based 
electrolytes were studied as a function of solution composition. The ionic 
conductivity of concentrated RAP solutions in acetonitrile is found to be of the 
same order of magnitude as typical Li-ion battery electrolytes, showing that their 
macromolecular design does not severely reduce the mobility of conducting ions in 
solution. Ionic conductivity is also found to be relatively insensitive to LiBF4 
concentration, indicating that excess of supporting salt would not be required for a 
RAP-based electrolyte to be used in a RFB. The electrolytes largely show 
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Newtonian rheology across the entire range of active species concentration studied, 
suggesting that the intrinsic flowability of these solutions through a RFB will not 
be affected by their flow rate, which is a significant result in terms of cell operation. 
Based on the Stokes-Einstein equation, the ionic conductivity and viscosity of 
RAP-based electrolytes are expected to vary by equal orders of magnitude as active 
species concentration is varied. However, while the dynamic viscosity changes by 
2 orders of magnitude over the entire concentration range, the ionic conductivity 
varies by less than 1 order of magnitude, indicating that ion transport in these 
electrolytes based on macromolecular design is less affected by an increase in 
solution viscosity than ideal electrolytes composed of small molecules. Both the 
ionic conductivity and dynamic viscosity of Vio1+ solutions have been found to be 
different than the corresponding values for Vio2+ solutions, suggesting a 
dependence of electrolyte transport behavior on RFB state-of-charge. The Vio1+ 
solutions also exhibit Newtonian rheology at active species concentrations ranging 
from 0 to 0.32 mol kg-1. However, they transform into a viscous gel at higher 
concentrations, thus altering their morphology. Due to this gelation effect, the use 
of highly concentrated RAP-based electrolytes could have a detrimental impact on 
RFB operation. A RFB electrochemical performance model is used to predict the 
discharge capacity utilization of a RAP-based RFB by accounting for losses due to 
electrolyte mixing, and polarization within the RFB reactor. The pressure drop 
across the porous electrode is calculated for an interdigitated flow configuration, 
by using the experimentally determined values of electrolyte dynamic viscosity. 
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Techno-economic analysis is used to understand the influence of electrolyte 
transport properties, kinetics, and RFB operating conditions on reactor cost, which 
is one of the key components of RFB system price.  A minima is observed in plots 
of reactor cost vs pressure drop, indicating that there exists an optimal regime of 
operation for minimizing the reactor cost associated with a RAP-based RFB. 
Interestingly, the minimum reactor cost is found to vary insignificantly with active 
species concentration, indicating that highly concentrated electrolytes can be used 
in a RAP-based RFB without incurring large reactor costs. If the RAPs had 
exhibited the trend in ionic conductivity predicted by the Stokes-Einstein equation, 
the minimum reactor cost would have increased by 100 times upon varying the 
active species concentration from 0.13 mol kg-1 to 1.27 mol kg-1. The deviation of 
these solutions from the expected behavior for electrolytes containing small 
molecules is what enables the achievement of low cost RFB reactors at high active 
species concentration. Additionally, the pumping pressure associated with the 
minimum reactor cost condition is less than 10 kPa for all active species 
concentrations, which is significantly lower than typical values seen in RFBs with 
an interdigitated flow field. This indicates that the operating condition 
corresponding to minimum reactor cost is achievable for RAP-based RFBs without 
altering RFB architecture. 
This study shows that the ionic conductivity of RAP-based electrolytes is 
adequate for using them in a RFB, and is not severely reduced because of their 
macromolecular design. Trends in the variation of material properties are identified, 
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and a combination of system-level modelling and techno-economic analysis is used 
to assess the feasibility of using such electrolytes in NAqRFBs. The analysis reveals 
that a suitable selection of electrolyte composition and operating conditions can 
create a cell with good electrochemical performance, and a low cost reactor. 
However, the RFB electrochemical performance model does not account for spatial 
variations in active species concentration within the reactor, which could influence 
the system discharge capacity. It also assumes fast reaction kinetics, and negligible 
capacity loss due to ohmic polarization, which may not always be valid. Creating a 
model which captures these effects is crucial to developing a better understanding 
of the impact of electrolyte transport properties and operating conditions on 
electrochemical performance. In the techno-economic analysis, contributions to 
system price from the electrolytes, and ancillary equipment (controls, pumps, etc.) 
are not considered. Future system-level modelling efforts would benefit from 
accounting for these additional costs, and evaluating total RFB system price. The 
objective of this study was to use a combination of experimentation and modelling 
to provide a framework for evaluating the impact of using a particular 
electrochemical motif in a grid-scale RFB, through the identification of appropriate 
metrics. The methodology adopted here could be applied universally to study other 
candidate active species for RFBs in the future.  
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2.4. Figures and Tables 
 
 
Figure 1: Ionic conductivity as a function of (a) salt concentration at fixed active 
species concentration (0.64 mol kg-1) and (b) active species concentration at fixed 
salt concentration (0.32 mol kg-1). The concentrations of the redox-active polymer 
and the monomer in solution are shown in units of moles of monomer repeat unit 
per kg of solvent.  
 
 
a b
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Figure 2: Dynamic viscosity as a function of shear rate with varying active species 
concentration, and fixed LiBF4 concentration (0.32 mol kg
-1) for (a) Vio2+ RAP 
solutions and (b) Vio1+ RAP solutions. (c) Average viscosity as a function of active 
species concentration for the Vio2+ solutions, along with the empirical model fit.  
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Figure 3: Viscosity-temperature data for Vio2+ RAP solutions at various active 
species concentrations. LiBF4 concentration is 0.32 mol kg
-1 for all samples. The 
dashed lines represent curve fits to the Arrhenius model. 
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Figure 4: Reduced viscosity as a function of active species concentration for (a) 
Vio2+ RAP solutions (b) Vio1+ RAP solutions 
 
 
Figure 5: Walden plot for RAP-based electrolytes. 
 
a b
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Figure 6: (a) Discharge capacity utilization, (b) RFB reactor cost, and (c) Pressure 
drop across the porous electrode for a RAP-based RFB as a function of input current 
density. 
 
 
a b
c
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Figure 7: Reactor cost as a function of pressure drop based on (a) experimentally 
evaluated ionic conductivity data (b) ionic conductivity calculated using the 
Stokes-Einstein equation. 
 
Figure 8: (a) Minimum reactor cost as a function of active species concentration. 
(b) Pressure drop corresponding to minimum reactor cost as a function of active 
species concentration. 
 
 
a b
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Table 1: Ionic conductivity standards used for Swagelok cell calibration 
Conductivity Standard (Manufacturer) Ionic conductivity 
NaCl (Thermo Scientific) 1413 μS cm-1 
KCl (Atlas Scientific) 10500 μS cm-1 
NaCl (Thermo Scientific) 12900 μS cm-1 
KCl (Atlas Scientific) 40000 μS cm-1 
 
Table 2: Key parameters utilized in the electrochemical performance modeling and 
techno-economic analysis. Some of the values are benchmark values taken from a 
previously developed model13 
Parameter Value 
Cost per unit area, 𝑐𝑎 $107.5 m
-2 
Open-Circuit Cell Voltage, 𝑈 3 V 
Theoretical discharge time, 𝑡𝑑
∗  5 hours 
Expected utilization, 𝜒𝑑
∗  0.9 
Electrode thickness, 𝑤 200 μm 
Electrode length, 𝐿 2 mm 
Reactor porosity, 𝜀 0.9 
Separator thickness, 𝑤𝑠 25 μm 
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Table 3: Ionic conductivity of monomer and RAP solutions in acetonitrile at 0.13 
mol kg-1 active species concentration 
 Vio2+ solution Vio1+ solution 
Viologen Monomer 1.73 ± 0.02 S m-1 1.82 ± 0.06 S m-1 
Viologen RAP 0.34 ± 0.01 S m-1 1.05 ± 0.05 S m-1 
 
Table 4: Transport properties and optimum reactor cost, pressure drop 
corresponding to a 0.32 mol kg-1 viologen RAP solution in acetonitrile with 0.32 
mol kg-1 LiBF4, in both Vio
2+ and Vio1+ form 
 Vio2+ solution Vio1+ solution 
𝜅 (S m-1) 1.89 ± 0.05 2.28 ± 0.12 
𝜂 (mPa s) 5.39 ± 0.02 5.50 ± 0.23 
𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟
∗  ($ kWh-1) 14.41 11.95 
Δ𝑃∗ (Pa) 760.71 937.95 
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Table 5: Fitting parameters corresponding to viscosity-temperature data for Vio2+ 
RAP solutions in acetonitrile with 0.32 mol kg-1 LiBF4 
Active species concentration (mol kg-1) 𝜂0 (mPa s) 𝐸𝑎 (J mol
-1) 
0.00 0.008 ± 0.003 10283.6 ± 1036.8 
0.01 0.016 ± 0.002 8907.7 ± 305.4 
0.06 0.020 ± 0.001 9777.8 ± 165.7 
0.13 0.027 ± 0.006 10544.0 ± 537.1 
0.32 0.065 ± 0.004 11223.2 ± 148.4 
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CHAPTER 3: VIOLOGEN REDUCTION TECHNIQUES 
3.1. Conductometric titration 
3.1.1. Zinc-based conductometric titration 
As discussed previously, the state-of-charge (SOC) of the electrolyte active 
species in solution can significantly influence RFB operation. Strong links have 
been identified between SOC and RFB electrolyte transport properties.41,42 
Viologens typically exist in three oxidation states, namely Vio2+, Vio1+, and Vio0. 
During redox cycling in a RFB, the viologen radical transitions reversibly between 
the +2 and +1 oxidation states. This makes it important to investigate ionic mobility 
as a function of the viologen SOC. Zn dust facilitates the chemical reduction of 
Vio2+ to Vio1+ without causing irreversible reduction to Vio0 (neutral) state.11,43 The 
reactions taking place when Zn dust is added to a Vio2+ solution are: 
 𝑍𝑛 → 𝑍𝑛2+ + 2𝑒− (12) 
 2𝑉𝑖𝑜2+ + 2𝑒− → 2𝑉𝑖𝑜1+ (13) 
 
For investigating electrolyte behavior as a function of SOC, a Vio2+ RAP 
solution in acetonitrile is considered. The ions initially present in solution are Vio2+ 
and 𝑃𝐹6
−. When Zn dust is added to this solution, the final electrolyte composition 
is a function of the amount of Zn added. The ions present in the reduced solution 
are Vio2+, Vio1+, and 𝑃𝐹6
−, assuming that the amount of Zn added is less than the 
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stoichiometric amount needed for complete reduction of all Vio2+ ions to Vio1+ 
ions. For every Zn atom added to solution, two Vio2+ ions get reduced to Vio1+ ions. 
Varying the amount of Zn added to solution changes the final concentrations of the 
constituent ions in the resultant solution, thus affecting its ionic conductivity.  
Conductometric titration is an experimental technique in which the ionic 
conductivity of a solution is continuously monitored as a reactant is added.85,86 This 
method has been extensively used in the past to analyze electrolytes for 
rechargeable batteries.87–89 In this study, Zn dust is incrementally added to a Vio2+ 
solution, and the ionic conductivity at each titration step is measured using 
Electrochemical Impedance Spectroscopy (EIS). Ionic conductivity can be plotted 
as a function of the amount of Zn dust added, to create a titration curve. The 
experimental procedure is described here for a 0.13 mol kg-1 Vio2+ RAP solution in 
acetonitrile. The same process can be utilized for a different solution composition 
after appropriate modifications. 
In order to begin the procedure, 6 mL of a 0.13 mol kg-1 Vio2+ RAP solution 
in acetonitrile is prepared in a glass vial. To prevent any oxygen or water 
contamination, all the steps described here are performed inside an Argon 
atmosphere glove box. The equivalent molarity of the prepared solution is 0.1 M 
(or 100 mM), assuming that the partial molar volume of dissolved species is 
negligible. 0.8 mL of this sample is extracted, and its ionic conductivity is measured 
using EIS. This data point serves as a baseline conductivity measurement. To get a 
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well resolved titration curve, at least 4 additional data points are needed, with the 
last one corresponding to the fully reduced solution. In the 1st titration step, a 
quarter of the Vio2+ ions in solution need to be reduced to Vio1+. The mass of Zn 
dust needed is calculated as 𝑚𝑍𝑛 =
1
2
×
1
4
× 0.1 𝑀 ×
5.2
1000
𝐿 × 65.38
𝑔
𝑚𝑜𝑙
=
4.25 𝑚𝑔. In order to ensure homogeneous reduction within the solution vial, the 
vial is stirred at 250 RPM using a magnetic stirrer. The Zn dust is then weighed and 
added to the vial while it is being stirred. After this step, the Vio2+ concentration in 
solution is 75 mM, and the Vio1+ concentration is 25 mM. 0.8 mL of this solution 
is extracted, and its ionic conductivity is measured. For the 2nd titration step, 25 
mM of Vio2+ ions need to be converted to Vio1+ ions. The mass of Zn dust needed 
is calculated accordingly. Zn is added to the solution vial while it is being stirred, 
followed by another conductivity measurement. The process is repeated for the 3rd 
and 4th titration steps. A titration curve can be drawn for this particular electrolyte 
using the data collected at each step, and it can be used to illustrate the behavior of 
electrolyte ionic conductivity as a function of SOC. 
  
3.1.2. Conductometric titration using Li-intercalation compounds 
Lithium intercalation compounds are commonly used as electrodes in Li-
ion batteries.90–92 In such materials, the ratio of lithium to metal ions can be varied 
without considerable changes to material structure. Some of these compounds 
exhibit a high average equilibrium potential, facilitating their use as reducing agents 
for conductometric titrations involving viologen RAP solutions. However, the 
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equilibrium potential of these compounds has been found to vary significantly as a 
function of the ratio of lithium to metal ions, implying that they will only act as 
reducing agents under a certain set of conditions. Therefore, a mathematical model 
is described here to predict the state-of-charge of a viologen solution as a function 
of the amount of reducing agent added. This is done by identifying the 
thermodynamic condition associated with spontaneous reduction and expressing it 
mathematically as a function of the number of moles of the individual ionic species 
in solution. This analysis can also predict the concentrations of the individual ionic 
species in solution (Vio2+, Vio1+, Vio0, Li+) at each step of the titration process. For 
this particular analysis, LiFePO4 has been assumed to be the reducing agent. 
However, this technique can be applied to other lithium-ion intercalation 
compounds as well. 
Lithium iron phosphate (LiFePO4 or LFP) has been studied extensively as 
an inexpensive, non-toxic material for rechargeable Li-ion batteries93–95. The 
extraction of Li+ ions from LiFePO4 may be represented as follows: 
 𝐿𝑖𝐹𝑒𝑃𝑂4 → 𝑥𝐿𝑖
+ + 𝑥𝑒− + 𝐿𝑖1−𝑥𝐹𝑒𝑃𝑂4 (14) 
Previous studies of LiFePO4 have shown that its equilibrium potential varies as a 
function of the extent of lithium-ion de-intercalation93,96. This is depicted in Figure 
9, which plots the equilibrium potential 𝜙𝑒𝑞
1  as a function of the de-intercalated 
lithium-ion fraction, 𝑥.    
46 
 
The reduction of the Vio2+ ion in solution upon addition of a reducing agent is 
assumed to follow a 2-step process: 
 𝑉𝑖𝑜2+ + 𝑒− → 𝑉𝑖𝑜1+ (15) 
 𝑉𝑖𝑜1+ + 𝑒− → 𝑉𝑖𝑜0 (16) 
 
The 2+/1+ reduction step depicted in Equation 15 will take place until the 
concentration of Vio2+ in solution becomes zero. After that point, the reaction 
shown in Equation 16 will occur. The hypothesis is that neutral state viologen 
(Vio0) is only formed by the reduction of Vio1+, and formation of Vio0 will only 
start to take place after all the Vio2+ ions in solution have been reduced to Vio1+.   
In the conductometric titration experiment, a solution of Vio2+ in 
acetonitrile is assumed to be present initially, with the number of moles of Vio2+ 
being equal to 𝑛𝑉𝑖𝑜2+
0 . The initial solution volume is 𝑉0. 𝑛𝐿𝐹𝑃
0  moles of LiFePO4 
(reducing agent) are added to this solution. Figure 10 shows the release of 𝐿𝑖+ ions 
into solution from a molecule of LiFePO4. When 𝑛𝐿𝐹𝑃
0  moles of LFP are added to 
solution, 𝑥𝑛𝐿𝐹𝑃
0  moles of electrons are available for reduction, where 𝑥 is the de-
intercalated lithium-ion fraction. These electrons are utilized for the reduction of 
Vio2+ to Vio1+. Applying the principle of conservation of charge, we get: 
 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜1+ = 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐿𝑖+ = 𝑥𝑛𝐿𝐹𝑃
0  (17) 
 
47 
 
The equilibrium potential for the viologen system represented in Equation 
15 is calculated by the Nernst equation as follows: 
 𝜙𝑒𝑞
2 (𝑥) = 𝜙0 +
𝑅𝑇
𝐹
𝑙𝑛
[
 
 
 
(𝑛𝑉𝑖𝑜2+
0 − 𝑥𝑛𝐿𝐹𝑃
0 )
𝑉0
𝑥𝑛𝐿𝐹𝑃
0
𝑉0 ]
 
 
 
 (18) 
𝜙0 is the standard reduction potential of the Vio
2+/Vio1+ system vs Li/Li+ ( 𝐿𝑖 →
𝐿𝑖+ + 𝑒−). 𝜙0 can be represented in terms of the individual half-cell potentials as 
𝜙0 = 𝜙𝑉𝑖𝑜2+,𝑉𝑖𝑜1+ − 𝜙𝐿𝑖,𝐿𝑖+. 𝜙𝐿𝑖,𝐿𝑖+ is a function of the concentration of Li
+ in 
solution, and can be represented in the following way by utilizing the Nernst 
equation:  
 𝜙𝐿𝑖,𝐿𝑖+ = 𝜙𝐿𝑖,𝐿𝑖+(𝐶𝐿𝑖+
0 ) +
𝑅𝑇
𝐹
𝑙𝑛 (
𝐶𝐿𝑖+
𝐶𝐿𝑖+
0 ) (19) 
𝐶𝐿𝑖+
0  is the Li+ ion concentration corresponding to standard state. Taking 𝐶𝐿𝑖+
0 =
1 𝑀, we get: 
 𝜙0 = 𝜙𝑉𝑖𝑜2+,𝑉𝑖𝑜1+ − 𝜙𝐿𝑖,𝐿𝑖+(1 𝑀) −
𝑅𝑇
𝐹
𝑙𝑛(𝐶𝐿𝑖+) (20) 
Based on standard equilibrium potential data,36 𝜙𝑉𝑖𝑜2+,𝑉𝑖𝑜1+ − 𝜙𝐿𝑖,𝐿𝑖+(1 𝑀) =
2.8 𝑉. Therefore, the following expressions are obtained: 
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 𝜙0 = 2.8 −
𝑅𝑇
𝐹
ln (
𝑥𝑛𝐿𝐹𝑃
0
𝑉0
)  (21) 
 
 𝜙𝑒𝑞
2 (𝑥) = 2.8 +
𝑅𝑇
𝐹
𝑙𝑛 [
(𝑛𝑉𝑖𝑜2+ − 𝑥𝑛𝐿𝐹𝑃
0 )𝑉0
(𝑥𝑛𝐿𝐹𝑃
0 )2
] (22) 
Equation 22 is valid for 0 < 𝑥 <
𝑛
𝑉𝑖𝑜2+
0
𝑛𝐿𝐹𝑃
0 , i.e. when all the Vio
2+ ions have not been 
reduced. A similar calculation can be done for 
𝑛
𝑉𝑖𝑜2+
0
𝑛𝐿𝐹𝑃
0 < 𝑥 < 2
𝑛
𝑉𝑖𝑜2+
0
𝑛𝐿𝐹𝑃
0 , which yields 
Equation 23. Note that 𝜙𝑉𝑖𝑜1+,𝑉𝑖𝑜0 − 𝜙𝐿𝑖,𝐿𝑖+(1 𝑀) = 2.3 𝑉. 
 𝜙𝑒𝑞
2 (𝑥) = 2.3 +
𝑅𝑇
𝐹
𝑙𝑛 [
(2𝑛𝑉𝑖𝑜2+ − 𝑥𝑛𝐿𝐹𝑃
0 )𝑉0
(𝑥𝑛𝐿𝐹𝑃
0 − 𝑛𝑉𝑖𝑜2+
0 )
2 ] (23) 
 For LiFePO4 to spontaneously act as a reducing agent, the following 
condition must be satisfied, based on thermodynamics: 
 𝜙𝑒𝑞
2 (𝑥) > 𝜙𝑒𝑞
1 (𝑥) (24) 
In the initial state, 𝜙𝑒𝑞
2  is very large compared to 𝜙𝑒𝑞
1 . As 𝑥 increases, 𝜙𝑒𝑞
2 (𝑥) 
decreases and 𝜙𝑒𝑞
1 (𝑥) increases. When both the equilibrium potentials become 
equal (𝜙𝑒𝑞
1 (𝑥∗) = 𝜙𝑒𝑞
2 (𝑥∗)), the reduction stops and the concentrations of the 
individual species in solution become constant. The final lithium-ion de-
intercalation fraction 𝑥∗ can be determined by tracking the variation in both 
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equilibrium potentials, as illustrated in Figure 11. As the amount of reducing agent 
added to solution is increased, 𝑥∗ increases. At this point, a variable 𝑚 is 
introduced, defined as: 
 𝑚 =
1
2
𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑉𝑖𝑜1+
𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑉𝑖𝑜2+
=
𝑥𝑛𝐿𝐹𝑃
0
2𝑛𝑉𝑖𝑜2+
0  (25) 
When the equilibrium potentials become equal, 𝑚∗ =
𝑥∗𝑛𝐿𝐹𝑃
0
2𝑛
𝑉𝑖𝑜2+
0 . 𝑚
∗ is representative 
of the extent of discharge of the viologen radical in solution. 𝑚∗ = 0.5 corresponds 
to complete reduction of Vio2+ to Vio1+, and 𝑚∗ = 1 corresponds to complete 
reduction of Vio1+ to Vio0. 
To illustrate how this analysis can be used to predict the extent of discharge 
of the viologen radical in solution, it has been applied to a test case where 10 mL 
of 0.01 M 𝑉𝑖𝑜2+ solution in acetonitrile is reduced by adding 0.25 grams of 
LiFePO4 in the 1
st titration step, and doubling the mass of LiFePO4 added at each 
subsequent step, as shown in Table 6. 
Figure 11 shows how the intersection point of the equilibrium potential 
curves changes at each titration step, depicting an increase in the extent of discharge 
of viologen as more reducing agent is added to the solution. Figure 12 shows how 
the extent of discharge of the viologen ion (𝑚∗) varies as a function of the total 
mass of reducing agent. The plot indicates that the conversion from Vio2+ to Vio1+ 
is more sensitive to the mass of reducing agent added than the conversion from 
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Vio1+ to Vio0. This is demonstrated by the large slope observed for 0 < 𝑚∗ < 0.5, 
followed by the occurrence of a decreasing slope for 𝑚∗ > 0.5. Finally, the number 
of moles of the individual ionic species in solution can be expressed in terms of 𝑚∗ 
as follows: 
For 0 < 𝑚∗ < 0.5,  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐿𝑖+ = 𝑥∗𝑛𝐿𝐹𝑃
0 = 2𝑚∗𝑛𝑉𝑖𝑜2+
0  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜0 = 0 
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜1+ = 𝑥∗𝑛𝐿𝐹𝑃
0 = 2𝑚∗𝑛𝑉𝑖𝑜2+
0  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜2+ = 𝑛𝑉𝑖𝑜2+
0 − 𝑥∗𝑛𝐿𝐹𝑃
0 = (1 − 2𝑚∗)𝑛𝑉𝑖𝑜2+
0  
 
For 0.5 < 𝑚∗ < 1,  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐿𝑖+ = 2𝑚∗𝑛𝑉𝑖𝑜2+
0  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜0 = (2𝑚∗ − 1)𝑛𝑉𝑖𝑜2+
0  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜1+ = (2 − 2𝑚∗)𝑛𝑉𝑖𝑜2+
0  
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑉𝑖𝑜2+ = 0 
The analysis described here provides an effective way to model conductometric 
titration using lithium intercalation compounds and predict the variations in the 
extent of discharge of the viologen ions throughout the titration process. Deviations 
from the predicted behavior could be observed in the actual experiment due to the 
invalidity of some of the assumptions made in this study, such as the 2-step nature 
of the viologen reduction reaction. However, the model provides a starting point 
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for understanding the fundamental processes occurring inside the solution during 
these titrations, and offers a pathway for selecting the appropriate experimental 
parameters before commencing the experiment. The technique described here can 
be easily extended to study systems that use a different lithium-ion intercalation 
compound as the reducing agent. 
 
3.2. Protocol for complete reduction of Vio2+ to Vio1+ 
The ionic conductivity and rheological behavior of viologen RAP electrolytes 
has been found to vary as a function of SOC. In order to study the implications of 
this effect, it is important to measure ionic conductivity and viscosity at the extreme 
charge states (+2 and +1). Zn metal dust is used to chemically reduce Vio2+, as 
discussed in section 3.1.1. The stoichiometric amount of Zn dust needed for 
complete reduction is the minimum mass of Zn needed to reduce all the Vio2+ ions 
in solution to Vio1+. The balanced redox equation describing the reduction is given 
by: 
 𝑍𝑛 + 2𝑉𝑖𝑜2+ → 𝑍𝑛2+ + 2𝑉𝑖𝑜1+ (26) 
For 2 mL of a 0.13 mol kg-1 (0.1 M) Vio2+ solution, the stoichiometric amount of 
Zn is calculated as 𝑚𝑍𝑛,𝑠𝑡𝑜𝑖𝑐ℎ =
1
2
× 0.1 𝑀 ×
2
1000
𝐿 × 65.38
𝑔
𝑚𝑜𝑙
= 6.54 𝑚𝑔. To 
ensure that complete reduction takes place, the mass of Zn used is taken to be 5 
times the stoichiometric amount. The detailed procedure described here to carry out 
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this reduction can be applied for any electrolyte composition. The experimental 
steps to be followed are as follows: 
1) Prepare 2 mL of Vio2+ solution in a glass vial inside the glove box 
2) Add excess Zn dust (5 × stoichiometric amount) from a weigh boat to the vial 
while it is being stirred, using a magnetic stirrer at 250 RPM. This ensures that 
chemical reduction occurs uniformly within the vial, and all Vio2+ ions are 
reduced to Vio1+. At this point, the color of the solution changes to dark purple, 
indicating the formation of Vio1+ ions. Figure 13 shows photographs of a RAP 
solution taken before and after reduction using excess Zn dust 
3) Stir the vial for 5 minutes, and then let it sit for 5 minutes. This allows time for 
the unreacted Zn particles to settle at the bottom of the vial, which makes it 
easier to extract pure reduced solution 
4) Extract 0.8 mL of the reduced solution from the vial using a pipette, and transfer 
it to a Swagelok conductivity cell for ionic conductivity measurement using 
EIS. Ensure that no zinc particles are entrained, by only allowing the pipette to 
touch the top portion of the liquid in the vial. Following the conductivity 
measurement, recover the solution from the conductivity cell and transfer it to 
a new glass vial. This sample can be reused for the viscosity measurement 
5) Clean the conductivity cell by rinsing each individual component with 
acetonitrile. For a more thorough cleaning, remove the cell components from 
the glove box and immerse them in a beaker containing ethanol. Place the 
beaker in a sonicator bath for 5 minutes. Repeat this process with isopropyl 
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alcohol and acetone. Dry the components using kimwipes. They are now ready 
for the next ionic conductivity measurement 
6) In order to establish confidence in the ionic conductivity data, repeat steps 1-5 
an additional 2 times, with new samples of Vio2+ solution. Calculate the average 
ionic conductivity. At the end of 3 trials, close to 2 mL of reduced solution 
would be recovered, which is sufficient for the viscosity measurement 
7) Transfer the m-VROC viscometer into glove box using the large antechamber, 
and operate it using a laptop connected to the viscometer via an installed USB 
feedthrough cable. Measure the dynamic viscosity of the recovered reduced 
solution. Measure viscosity across a wide range of shear rates to check for non-
Newtonian behavior.   
Since the reduced Vio1+ solution spontaneously oxidizes to Vio2+ upon 
exposure to ambient atmosphere, all the experimental steps involving Vio1+ 
solution are carried out inside the Argon atmosphere glove box. The procedure 
described here facilitates the measurement of both ionic conductivity and viscosity 
of Vio1+ solutions, while minimizing the amount of viologen RAP consumed.  
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3.3. Figures and Tables 
 
 
Figure 9: LiFePO4 equilibrium potential curve, obtained from a previous study
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Figure 10: De-lithiation of LiFePO4 
𝐿𝑖𝐹𝑒𝑃𝑂4 
𝑥𝐿𝑖+ 
𝑥𝑒− 
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Figure 11: Potential curves for viologen and LFP during conductometric titration 
after (a) Step 1 (b) Step 2 
 
 
Figure 12: Variation of 𝑚∗ as a function of the mass of LFP added to solution 
 
 
a b
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Figure 13: Photographs of a 0.32 mol kg-1 (0.25 M) viologen RAP solution in 
acetonitrile with 0.32 mol kg-1 (0.25 M) LiBF4 (a) before reduction (b) after 
reduction using excess Zn dust 
 
Table 6: Experimental parameters for conductometric titration 
Titration step Mass of LFP added (grams) 
1 0.25 
2 0.50 
3 1.00 
4 2.00 
5 4.00 
 
a b
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CHAPTER 4: CONCLUSIONS AND FUTURE WORK 
The methodology described in Chapter 2 evaluated viologen redox-active 
polymers as candidate active species for redox flow batteries. It also enabled the 
identification of the optimum electrolyte composition and operating conditions 
needed to achieve a low cost reactor. This approach could be applied by researchers 
to investigate other kinds of active species for RFBs. However, the electrochemical 
performance model could be further improved by accounting for capacity losses 
due to ohmic polarization, and the spatial variation in active species concentration 
within the RFB reactor. The techno-economic analysis could be extended to 
account for other factors affecting system price, such as electrolyte cost, and the 
cost of ancillary equipment. 
 The conductometric titration procedure described in Chapter 3 can be 
utilized to understand the nature of ion transport as a function of solution 
composition and electrolyte state-of-charge. Performing viscosity measurements at 
each titration step could also help in characterizing the variation in rheological 
behavior with respect to state-of-charge. Electrochemical methods should be 
explored for reducing viologen solutions, since such methods would better simulate 
the cycling of RAP-based electrolytes in a redox flow battery.  
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APPENDIX A: MATLAB CODE FOR RFB PERFORMANCE 
MODEL AND TECHNO-ECONOMIC ANALYSIS 
clear; 
  
syms C1(t) C2(t) % non-dimensional concentrations 
  
A = xlsread('dataset.xlsx'); 
  
R=8.314;      % Gas constant, J/mol/K 
T=298;        % Temperature, K 
F=96485.33;   % Faraday's constant, C/mol 
U = 3;        % Open circuit potential, V 
  
C_0       = A(1,1)*1000;  % Active species concentration, mol/m^3 
k         = A(1,2);       % Electrolyte ionic conductivity, S/m 
Delta_P_0 = A(1,3);       % Pressure drop at I = 1 A/m^2, Pa 
  
Q_0 = 20*1*0.002/C_0/F;   % Flow rate at I = 1 A/m^2, m^3/s 
  
k1 = k*(0.9)^1.5; % Effective ionic conductivity in porous 
electrode, S/m 
  
I = 200:1400; % Input current density, A/m^2 
  
N = I*5*3600/0.9/F/0.0002/C_0/0.9 - 1; % Tank-to-electrode volume 
ratio 
  
Q = 20*I*0.002/(C_0*F); % Flow rate, m^3/s 
     
Delta_P = Delta_P_0/Q_0*Q; % Pressure drop, Pa 
  
ASR = ((25/1000000)/(k*0.3/6) + 1/2*(2*0.0002/k1)); % Area-
specific resistance, Ohm-m^2 
  
f=20; % Ratio of actual flow rate to stoichiometric flow rate 
  
capacity = I; 
e_v_d = I; 
  
for i = 1:length(I) 
  
    % charge for first cycle 
    eqn1 = diff(C1)+ N(i)*diff(C2) + 1/f == 0; 
    eqn2 = N(i)*diff(C2) == 2*C1-2*C2; 
  
    a= C1(0)== 1; 
    b= C2(0)== 1; 
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    S = dsolve(eqn1, eqn2,a,b); 
    C1Sol(t)=S.C1; 
    C2Sol(t)=S.C2; 
  
    V=3-R*T/F*log((2*C1Sol-C2Sol)/(1-(2*C1Sol-C2Sol)))-
R*T/F*log((2*C1Sol-C2Sol)/(1-(2*C1Sol-C2Sol)))+ASR*I(i); 
  
    tc=double(solve(V==3.4,t)); % charging process ends at this 
time 
    
    %start of discharge 
    eqn1 = diff(C1)+ N(i)*diff(C2) - 1/f == 0; 
    eqn2 = N(i)*diff(C2) == 2*C1-2*C2; 
  
    a= C1(0)== double(subs(C1Sol,t,tc)); 
    b= C2(0)== double(subs(C2Sol,t,tc)); 
    S = dsolve(eqn1, eqn2,a,b); 
    C1Sol(t)=S.C1; 
    C2Sol(t)=S.C2; 
  
    V=3-R*T/F*log((2*C1Sol-C2Sol)/(1-(2*C1Sol-C2Sol)))-
R*T/F*log((2*C1Sol-C2Sol)/(1-(2*C1Sol-C2Sol)))-ASR*I(i); 
  
    td=double(solve(V==2.6,t)); % discharge process ends at this 
time 
    
    capacity(i)=td/(N(i)+1)/f*100;  % discharge capacity 
    e_v_d(i) = 1 - ASR*I(i)/U; % discharge voltage efficiency 
  
end 
  
c_a = 107.5;    % Areal cost factor, $/m^2 
e_sys_d = 0.94; % System discharge efficiency 
t_d1 = 5/0.9;   % Theoretical discharge time based on 80% 
utilization, hours 
  
x_d   = capacity/100; 
  
t_d = t_d1.*x_d;   % Actual discharge time, hours 
  
C_reactor = 1000*c_a./(e_sys_d*U*t_d.*I.*e_v_d); % Reactor cost, 
$/kWh 
  
[C_min, i_min] = min(C_reactor); % Minimum reactor cost, $/kWh 
  
I_min = I(i_min); % Current density at minimum reactor cost 
condition, A/m^2 
P_min = Delta_P(i_min); % Pressure drop at minimum reactor cost 
condition, Pa 
  
plot(I,C_reactor); 
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